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HIGH DATA RATE MAXIMUMA 
POSTERIOR DECODER FOR SEGMENTED 

TRELLIS CODE WORDS 

BACKGROUND OF THE INVENTION 

The maximum a posteriori (MAP) decoding algorithm 
introduced by Bahl, Cocke, Jelinick, and Raviv in “Optimal 
Decoding of Linear Codes for Minimizing Symbol Error 
Rate", IEEE Transactions on Information Theory, March 
1974, pp. 284-287, also known as the BCJR algorithm, is an 
optimum symbol-by-symbol decoder for trellis codes. It is 
particularly useful as a component decoder in decoding 
parallel concatenated convolutional codes, i.e. turbo codes, 
because of its excellent performance. It is advantageous for 
decoding turbo codes because it accepts Soft-decision infor 
mation as an input and produces Soft-decision output infor 
mation. However, one problem with this type of decoder is 
that it requires a relatively large amount of memory. For 
example, the entire received code word must be Stored 
during decoding due to the nature of the algorithm. 
Furthermore, in order to obtain high-speed decoding, it is 
necessary to Store a large number of intermediate results 
which represent various event probabilities of interest so that 
they can be combined with other results later in the decoding 
process, which decoding proceSS comprises forward and 
backward (from the end to the beginning of a received code 
word) recursive calculations. The MAP algorithm as 
described by Bahl et al. requires that at least half of the 
results from the two recursive calculations be Stored in 
memory for fast decoding. 
Memory size is a particular problem in turbo coding 

Systems since bit-error rate is inversely proportional to the 
number of information bits in the code word. (The term 
“block size’ as used herein refers to the number of infor 
mation bits in a code word.) In a turbo coding System, 
therefore, it would be desirable to utilize the largest block 
Size possible in order to obtain the greatest coding gain. 
Unfortunately, an efficient and practical System utilizing 
Such a large block size has not emerged heretofore. 

Therefore, it is desirable to provide a method and system 
for encoding and decoding large trellis codes, which method 
and System require a significantly reduced memory without 
compromising coding gain and without additional Overhead. 
It is furthermore desirable that such a method and system be 
applicable to turbo coding Such that an efficient and practical 
turbo coding System is realizable. 

SUMMARY OF THE INVENTION 

In a communications System, a trellis code word is 
Segmented by both the encoder and a Segmented Symbol 
by-Symbol MAP decoder, advantageously reducing required 
memory size with insignificant loSS in coding gain and little 
or no additional overhead. The encoder periodically returns 
to a known state by the insertion of “tail” or “merge” bits 
into the Sequence of information bits from the Source. The 
Segmented MAP decoder operates on code word Segments as 
if they were individual code words and takes advantage of 
knowing the State of the encoder at Specified times to reduce 
decoding latency and required memory. This is applicable to 
a turbo coding System, for example, wherein the coding gain 
is maintained by interleaving the information bits acroSS the 
Segments of a component code word. The result is an 
efficient and practical turbo decoder. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram of a simple communication 
System comprising a Markov Source, a memoryleSS channel 
and decoder; 

15 

25 

35 

40 

45 

50 

55 

60 

65 

2 
FIG. 2 is a block diagram illustrating the Structure of a 

trellis code word having merged Segments according to a 
preferred embodiment of the present invention; 

FIGS. 3A and 3B represent a flow chart of a MAP 
decoding algorithm for Segmented trellis code words with 
merged Segments according to a preferred embodiment of 
the present invention; 

FIG. 4 is a segmented MAP decoder event time line for a 
trellis code word comprising two merged Segments accord 
ing to a preferred embodiment of the present invention; 

FIG. 5 is a block diagram of an encoder for parallel 
concatenated codes with Segmented-code-word component 
encoderS according to a preferred embodiment of the present 
invention; 

FIG. 6 is a block diagram of a decoder for parallel 
concatenated codes comprising Segmented trellis component 
code words according to a preferred embodiment of the 
present invention; 

FIG. 7 represent a flow chart illustrating operation of a 
turbo decoder comprising Segmented MAP component 
decoders in accordance with preferred embodiments of the 
present invention; and 

FIG. 8 is a block diagram of a decoder for segmented 
turbo code words comprising log-MAP-type component 
decoderS. 

DETAILED DESCRIPTION OF THE 
INVENTION 

Summary of the MAP Decoding Algorithm 
The maximum a posteriori (MAP) algorithm for decoding 

linear codes was published by Bahl, Cocke, Jelinek, and 
Raviv, as cited hereinabove. Basically, this algorithm cal 
culates the a posteriori probability of each state in a trellis 
corresponding to a received code word conditioned on the 
entire received code word. A variation of this algorithm 
calculates the a posteriori probability of each State transition 
in a trellis corresponding to a received code word condi 
tioned on the received code word. Since this variation is of 
particular interest when decoding recursive Systematic con 
volutional codes, which are typically utilized in turbo 
coding, the description of the invention will be built around 
this form of the algorithm. However, the invention also 
applies to the version of the MAP algorithm that calculates 
a posteriori State probabilities in a Straightforward manner. 

Consider the simple communication System block dia 
gram of FIG. 1 for the purpose of describing the MAP 
algorithm. The Source 10 is a discrete-time, finite-state 
Markov process, shown as comprising a Source 11, an 
encoder 12, and a mapping device 13. AS shown, Markov 
Source's output at time t is X, and the corresponding channel 
14 output is Y, which is provided as the input to a decoder 
16. The following definitions are also needed to describe the 
MAP algorithm. Let 
M=the number of distinct states of the Markov Source; 
m=the index of the Markov source's states {0,1, . . . , 
M-1}; 

S=state of the Markov source at time t; 
S“=S, S., . . . S., the State Sequence of the Markov 

Source from time t to time u, 
X,"=X, X, . . . X., the output Sequence of the Markov 

Source from time t to time u, 
Y,"-Y, Y, . . . Y., the output sequence of the channel 

from time t to time u, and 
L=the length of the Markov Sources output Sequence. 
Furthermore, it is assumed that the Sources initial State 

So-0 and its final state S, =0. 
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The channel is noisy and memoryleSS So that a Sequence 
of the source's output symbols X" is transformed into a 
Sequence of channel outputs Y," according to the following 
channel transition probabilities. 

The decoder examines the received channel output 
Sequence and estimates the a posteriori probabilities of the 
Markov Source's States or State transitions. The State a 
posteriori probabilities Pr{S=mY } can be written as 

using the definition of conditional probability. Our notation 
is as follows: Pr{AB} means the conditional probability of 
event A given event B, and Pr{A,B} means the joint 
probability of events A and B. Similarly, the source's state 
transition a posteriori probabilities can be written as 

It turns out that it is easier to derive an algorithm to 
calculate the joint probabilities on the right-hand Sides of 
equations (2) and (3). The desired conditional probabilities 
can then be obtained by Simply dividing these joint prob 
abilities by the constant Pr{Y}. To clarify the derivation, 
Bahl et al. defined the following probability functions. 

So all that remains is to calculate the values of C(m)Y(m,m) 
and B(m) for all values of m and t. It can be shown that for 
t=1,2,...,L, O,(m) can be calculated recursively as follows. 

- (9) 

a (m) = X a- (m')y, (m', m) 

For t=0, the boundary conditions are Co(0)=1 and Co(m)=0 
for all ma(). Similarly, B(m) can be calculated recursively 
for t=1,2,...,L-1. 

m’=0 

For t=L, the boundary conditions are f3,(0)=1 and B, (m)=0 
for all ma(). 

Pr{X, = X S. = m; S, 1 = m'Pr{Y, X} 

For the cases of interest to us, the Sources mapping of State 
transitions to output Symbols is deterministic, i.e. there is 
only one possible outputSymbol X for each State transition, 
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4 
So that PrX.S.-m; S =m'}=1 and g(m",m) can be written 
S 

Y(m', m)=Pr{S=mS =nPr{Y,X. (12) 

The calculation of Pr{S_1=m'; S=m; Yi} using the 
algorithm of Bahl et al. can be Summarized as follows. 
1. Co(0)=1 and Co(m)=0 for all ma0. B, (0)=1 and B(m)=0 

for all ma(). 
2. AS Soon as Y, is received, the decoder computes Y(m',m) 

using equation (11) and O,(m) using equation (9). The 
calculated values of O,(m) are stored for all t and m. The 
calculated values of Y(m",m) are stored for all t and all 
transitions (m',m). 

3. After the complete sequence of channel outputs Yi' is 
received, the decoder recursively computes f,(m) using 
equation (10). When all of the B(m) have been computed, 
they can be multiplied by the appropriate C, (m') and 
Y(m",m) to obtain Pr(S =m'; S,-m; Yi} as in equation 
(8). 
When decoding trellis codes, the Markov source of FIG. 

1 can be modeled as comprising a Source of information bits, 
an encoder for the error correcting trellis code, and a 
mapping device that converts the encoder's output into 
Symbols X, which are transmitted over the channel. 
The term Pr{S=mS =m', the encoder's conditional 

State probability, in equation (12) is calculated as 

tk (13) 

Prid = a (m', m)} 

for an (n,k,v) code where Prid-a,(m',m)} is the a priori 
probability that d=a,(m',m) and a (m',m) is the i' bit of the 
Sequence a(m',m) of k bits that drives the encoder from State 
m" to state m. This equation holds when the code's trellis 
does not have parallel branches. (If the code's trellis does 
have parallel branches, then PrS,-mS =m'} is calculated 
as the sum of products of bit a priori probabilities in which 
the Sum is over the all of the Sequences of Source bits 
a(m',m) that drive the encoder from State m' to State m.) In 
the decoder, we are interested in event likelihood ratios, 
specifically, we are interested in Pr{d=1|Y}/Pr{d= 
OY}, where Pr{d=iY} represents the aposteriori prob 
ability that data bit d, from the Source is equal to ie {0,1}. 

X. 

X. 

(14) 

Pry} 

In the equation above A(t) is the set of all State transitions 
(m",m) in the encoder which terminate at time t due to an 
information bit d=0. Recall that in general there are k 
Source bits encoded into each n-bit encoder output Symbol 
So that d for indices t=(t–1)k+1, (t-1)k+2, . . . , tR are 
associated with the State transition S. to S. 

X. (15) 
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Pry} 

In the equation above B(t) is the set of all State transi 
tions (m',m) in the encoder which terminate at trellis levelt 
due to an information bit d=1. Since we are working with 
the likelihood ratio Pr{d=1|Y}/Pr{d=0Y, it is not 
necessary to calculate Pr(S =m'; S,-mY}; we may use 
Pr{S_1=m'; S=m; Yi}, directly since Pr{Y } is common 
to the numerator and denominator. Therefore, the desired 
likelihood ratio from the decoder is 

X. 

Since the joint probability Pr{S_1=m'; S=m;Y } is used 
often herein, the following notation from Bahl et al. is 
introduced for brevity. 

When the encoder's input symbols are binary, i.e. k=1, 
equations (13) through (16) can be simplified since t=t in 
this case. The Simplified equations are presented below. 

a(m',m)=the bit value that drives the encoder from state m' 
to State m. 

(n'...n)e At 

(n'.in). At 
Pry 

X O,(m", m) 
(n'.in). At 

= - -, where Pry 

A=the set of all State transitions (m,m) which terminate 
at levelt in the encoder due to an information bit d=0. 

(n'.in) B, 
Pry 

X O,(m", m) 
(n'.in) B, 

= - -, where Pry 

B-the set of all State transitions (m',m) which terminate 
attrellis levelt in the encoder due to an information bit 
d=1. 
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Prid, = 1 |Y} (21) 
(d) = - - (d) Prid, = 0 | Yi} 

(n'.in). At 

X. O, (m', m) 
(n'.in) B, 

X O, (m', m) 
(n'.in). At 

Code Word Segmented by the Encoder and Decoder 
In accordance with preferred embodiments of the present 

invention, a trellis code word is Segmented by both the 
encoder and a segmented symbol-by-symbol MAP decoder, 
advantageously reducing the decoder's required RAM. The 
encoder periodically returns to a known State by the inser 
tion of “tail” or “merge” bits into the sequence of informa 
tion bits from the source. The segmented MAP decoder takes 
advantage of knowing the State of the encoder at Specified 
times to reduce decoding latency and the required memory 
as described below. 

Consider an (n,k,v) encoder which produces in code bits 
for each k information bits provided as inputs thereto. Each 
kinput bits is grouped into an inputSymbol that is associated 
with the corresponding n-bit output symbol. The memory of 
the encoder is vk bits (V input symbols). Let I, equal the 
length of a code word Segment in information bits. Now the 
encoding procedure can be Summarized as follows for the 
case in which the known State is the Zero State: 
1. Set the State of the encoder at time t=0 equal to Zero, i.e. 
S=0. 

2. Set the segment size counter c, to 0. 
3. Shift k bits at a time into the encoder to produce a 

corresponding n-bit encoder output Symbol. 
4. Let c=c,+k and t=t+k If c <L and t-L, go to Step 

3; otherwise go to Step 5 
5. Insert V (k-bit) "merge” symbols into the encoder to return 

the encoder to the Zero State. 
6. If t<L, go to Step 2; otherwise Stop-code word is 

complete. 
The structure of the resulting code word 20 is shown in 

FIG. 2. 
There is no loSS of generality in assuming that the encoder 

is returned to the all-Zeros State at Specified times. It is 
possible to achieve the same effect by driving the encoder to 
arbitrary, but known, States at these times. Furthermore, the 
initial and terminal States need not be the same. 
A symbol-by-symbol segmented MAP decoder in accor 

dance with preferred embodiments of the present invention 
decodes a Segmented code word having merged Segments. 
The flow chart of FIGS. 3A and 3B accompanies the 
algorithm description below. In FIGS. 3A and 3B, an under 
lined variable denotes a vector comprising the values of that 
variable for all States or State transitions at the indicated time 

index. Let N be the number of code word segments, I, 
be the number of information bits per “complete” segment, 
and I be the total number of information bits in the code 
word. All symbols received from the channel Y, are stored 
as they are received and may be discarded when the decoder 
has finished decoding the Segment of which they are mem 
bers. 

In step 30, the follow indices are set: the decoder's 
segment index j=0; and the final segment index ji=(N-1). 
The number of trellis levels is set to decode in a complete 
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segment L=(I/k)+v. The number of trellis levels is set to 
decode in a partial (last) segment Le=(1-1)/k)+V. 

Proceeding to steps 31-33, the decoder's trellis segment 
length L and the corresponding number of k-bit informa 
tion symbols therein L. are determined as a function of the 
Segment index as follows: If j= L=L2 and L=(1- 
jI)/k (step 32); otherwise L=L and L-I./k (step 
33). 

In step 34, the initial and final trellis level indices t, and 
ty are calculated, respectively, for the code word segment to 
be decoded next. 

The next step 35 is an initialization step as follows: 
c(0)=1 and c,(m)=0 for all ma0. B.(0)=1 and B. (m)=0 for 
all ma(). 
AS Soon as the last Symbol in the Segment to be decoded 

Y, is received (step 36), the decoder begins decoding the j" 
code word Segment. Variables t, u, v and w are initialized in 
Step 37 as illustrated. In Step 38, T., C., T., and B, are 
calculated. In particular, the decoder computes Y(m,m) 
using (12) and C,(m) using (9) for t=t-1, th2, . . . t. 
beginning with t=t-1. Simultaneously, it computes Y (m, 
m") using (12) and f(m) using (10) for u=(t–1), (t-2),..., 
t+1, beginning with u=(t–1). The calculated values of C,(m) 
are stored for t=t,+1, t+2, . . . , th(L/2) and all m. The 
calculated values of f(m) are stored for u=(t–1), 
(t-2), . . . , t-(L/2) and all m. To clarify the discussion, 
let O,-C,(0),C(1) s « » « C(M-1) and f =f3(O), B,(1), - - - 

f(M-1). The recursive calculation of C, and f, continues 
until at least two Sets of joint State transition probabilities 
can be calculated (step 39). When L is an even number, 
this occurs when t=u-(t+L/2). Then, calculate O.2 
(m',m) and Ot-(L.21(m',m) using equation (17) (step 40). 
The calculation of these two state transition probabilities 
utilizes the two most recently calculated C. and B vectors. For 
the remaining C. and B recursions, two State transition 
probabilities are calculated. In calculating this pair, the 
current C, and B, vectors are used So that they do not need 
to be Stored. The other C. and B vectorS required are read 
from memory. Therefore, when C, and B, are calculated, 
the last two sets of State transition probabilities in this code 
word segment (O, (m',m) and O, (m',m)) are immediately 
computed. 

If the state transition probabilities for the last code word 
Segment have been calculated, the State transition probabili 
ties that correspond to the information bits in the code word 
are selected (step 42). Step 44 involves a test as to whether 
this is the last iteration. In either case, then an appropriate 
function (e.g. ) (m",m)) of the Selected probabilities as the 
MAP decoder's soft-decision values is calculated in step 46 
or 48, and operation proceeds to step 50 wherein v is 
decremented by 1 and W is incremented by 1. A test is then 
made in step 52 to determine whether t=t-1. If not then, t 
is incremented by 1 and u is decremented by 1 in step 54, 
and operation goes back to Step 38. If So, then a test is made 
to determine whether j=j in step 56. If not, then j is 
incremented by 1 in Step 58, and operation goes back to Step 
31. 

Ifj=e, then a decision is made as to whether hard-decision 
decoding is selected (step 60). If So, then step 62 applies the 
Soft-decision values (e.g. ) (m",m)) corresponding to the 
information bits to a decision device, and Step 52 outputs 
hard-decision values for the decoded information bits. If not, 
output Soft-decision values that are Some function of the 
computed O,(m",m) are outputted in step 66. 
AS an alternative embodiment, the hard verSuS Soft 

decision output steps (60, 62, 64, 66) may be inserted after 
steps 46 and 48 and before step 50 in the process. 
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FIG. 4 is a decoder event time line that describes time 

relationships among the various decoder calculations and 
illustrates the trellis level index of the received code word 
Symbols involved in the decoding algorithm during various 
time intervals. The example shown in FIG. 4 is a code word 
70 comprising two merged Segments. 
Application of Segmented Trellis Code Words to Turbo 
Coding 

Applications of Segmented trellis code words to turbo 
coding in accordance with preferred embodiments of the 
present invention involve the use of encoders which produce 
Segmented trellis code words as component encoders in an 
encoder for parallel concatenated codes (turbo codes) and 
the use of the segmented MAP algorithm decoder for 
Segmented trellis code words described in the previous 
Section as the component decoders in a decoder for Such 
parallel concatenated codes. FIG. 5 is a block diagram of an 
encoder for parallel concatenated codes comprising Seg 
mented component code words generated by component 
encoders 102 and interleavers 104. The outputs of the 
component encoders are provided to a composite code word 
formatter 110. 

FIG. 6 is a block diagram of a decoder 120 for decoding 
parallel concatenated codes associated with an encoder Such 
as that illustrated in FIG. 5. The composite code word 
received from the channel is provided to a composite code 
word to component code word converter 122. The outputs of 
code word converter 122 are provided to component decod 
ers 124 and interleavers 126 for decoding trellis code word 
Segments. The output of the last component decoder 124 is 
provided to deinterleavers 130, as explained hereinbelow. In 
the preferred embodiments, the interleaver spans all code 
Word Segments. 
An important detail to highlight is that the interleaving of 

the information bits spans the code word Segments. This is 
Significant because the depth of the interleaving, which is 
related to the number of information bits in the code word, 
is an important factor in the performance of turbo codes. 
Thus, the coding gain for a given information block size is 
maintained even though the component decoders can oper 
ate on the Smaller code word Segments as if they were code 
words. 
The exploded view of deinterleaver 130 in FIG. 6 illus 

trates the net transfer function of the permutation performed 
therein. In a practical implementation, only one permutation 
operation is necessary; it has the net effect of the N-1 
deinterleavers concatenated as shown. Deinterleavers 1 
through N-1 are the inverse reordering function of inter 
leavers 1 through N-1, respectively. Further background 
information on parallel concatenated codes or turbo codes 
and decoders therefor can be found in U.S. Pat. No. 5,721, 
745 of Stephen M. Hladik and John B. Anderson entitled 
“Parallel Concatenated Tail-Biting Convolutional Codes and 
Decoder Therefor', issued Feb. 24, 1998, and in “Illumi 
nating the Structure of Code and Decoder of Parallel Con 
catenated Recursive Systematic (Turbo) Codes” by P. 
Robertson, 1994 IEEE Globecom conference, pp. 
1298–1303, and in “A Comparison of Optimal and Sub 
Optimal MAP Decoding Algorithms Operating in the Log 
Domain” by P. Robertson, E. Villebrun and P. Hoeher, 
Proceedings of the IEEE International Conference on Com 
munications (ICC), June 1995, pp. 1009-1013. 
The segmented MAP decoder according to preferred 

embodiments of the present invention does not allow posi 
tive feedback between the component decoders, unlike that 
of Bahl et al. In particular, the extrinsic component of the 
likelihood ratio (d) from the MAP decoder algorithm is 
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used as the feedback between component decoders. The 
extrinsic component of the likelihood ratio is defined as 
follows, assuming the use of recursive Systematic convolu 
tional component codes. 

Pr{S=mS =m'}=initial conditional state probability 
defined by equation (13) and the Source Statistics, 

Y=(y.(1), - - - y, (k), yf (1), - - - yf (n-k)) 

y(i)=the channel output symbol corresponding to the i' 
Systematic bit of the encoder output Symbol at time t, 
and 

yf(i)=the channel output symbol corresponding to the i” 
parity bit of the encoder output Symbol at time t. 

Equation (24) above holds for binary signaling over a 
memoryleSS channel. The conditional State probabilities are 
calculated as a function of the a priori Source Statistics, not 
the a posteriori estimates of the source bit probabilities. If 
the Source bits are equally likely, 

In this case, it is easily shown that this term may be dropped 
from equation (24) when calculating), (d) Since it is a factor 
of both the numerator and denominator of equation (22). 
Therefore, the equation for the extrinsic component of the 
gamma term becomes 

(n-k) (25) 

In other words, the joint probability of a state transition 
from State m' to State m and observing the received Sequence 
Y1, Y. (m',m)=Pr{S=m; Y.S =m'}, is calculated assum 
ing no a priori information about the information bits other 
than possibly the Source Statistics. In addition, the use of 
Y(m',m) in (23) means that channel observations corre 
sponding to the Systematic bits of the encoder outputSymbol 
at time t, which are inputs that are common to all component 
decoders, are not used directly in information that is passed 
from one decoder to the next. Rather, the a posteriori 
information passed from one decoder to the next is based 
directly on only independent channel observations from 
different sets of parity bits. 

In turbo decoding, the Subsequent decoder obtains esti 
mates of the information bits a priori probabilities from the 
permuted a posteriori likelihood ratio values calculated by 
the previous decoder using the definition of the likelihood 
ratio: 

1O 
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Prid, = 1} 
Prid, = 0} 

26 (d) = (26) 

Using this definition and Pr{d=0}+Prod=1}=1, we 
obtain 

1 (27) 
Prid, = 0} = 

1 + A; (d) 
and 

A (d. 28 Prid, = 1 = (d) (28) 
1 + A; (d) 

for a priori bit probabilities in component decoder number 
c(i+1), where i=index of the preceding component decoder 
and c(i+1)=(i mod N)+1. (See FIG. 6.) That is, the a 
posteriori likelihood ratioS of the preceding decoder are used 
as the a priori likelihood ratios in the decoder that follows. 
As in the standard MAP algorithm, Y(m',m) is used to 

calculate the values of C(m) and f, (m') recursively. In 
contrast to the calculation of Y, (m',m), the a priori condi 
tional state probabilities Pr{S=mS =m' required to cal 
culate Y, are calculated from the bit a priori probabilities 
obtained from equations (27) and (28). In the calculation of 
the O,(m) and f,(m) terms, the decoder utilizes the available 
a posteriori bit probabilities, which become more reliable 
with each iteration, to improve decoding performance. For 
the first iteration by the first component decoder, the a priori 
bit probabilities are Pr{d=0}=Pr{d=1}=0.5, and all state 
transitions are generally assumed to be equally likely, i.e. 
Pr{S=mIS =m'}=%. 
On the last decoding iteration, our turbo decoder uses 

equation (17) for O(m,m) and equation (16) for (d) in 
order to utilize all available information in the output 
likelihood ratio. At this time, the last component decoder's 
outputs are used as the turbo decoder's Soft-decision out 
puts. If hard-decision decoding is desired, these outputs are 
used as the decision Statistics. 
The flow chart of FIG. 7 summarizes the operation of a 

turbo decoder comprising Segmented MAP component 
decoders in accordance with preferred embodiments of the 
present invention. AS Stated above and shown in flow chart 
step 140, for the first decoding iteration, the a priori bit 
probabilities are Pr{d=0}=Pr{d=1}=0.5. In step 142, the 
iteration counts i and j are each Set to one. If in decision Step 
144, it is decided that it is not the last iteration, then 
Y(m',m), Y(m", m),C(m) and f,(m) are calculated in Step 
146. Then in step 148, O, (m",m) is calculated as set forth in 
equation (23). Next in step 150, the a posteriori probabilities 
that a data bit from the Source is equal to 0 or 1 (equation 
(14)). From the results of step 150, the extrinsic likelihood 
ratios are calculated in step 152 as described hereinabove. In 
step 154, the a priori bit probabilities are calculated in 
accordance with equations (27) and (28). A decision is then 
made in step 156 as to whether the counteri has counted the 
number N of interleavers. If not, the process goes to step 158 
wherein the bit probabilities are permuted with interleaver 
number i. In steps 160 and 162, the counters i and j, 
respectively, are incremented. The process proceeds back to 
decision step 144 to determine whether it is the last iteration. 
If So, in Step 163, Y(m", m),C,(m) and B(m) are calculated. 
Next, in Step 166, equation (17) is used to calculate O,(m',m). 
The a posteriori bit probabilities are calculated in step 168, 
and the likelihood ratios are calculated in step 170. A 
decision is made in step 172 as to whether hard decision 
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decoding is desired. If So, hard decision outputs are deter 
mined in step 174 and output in step 176. If not, the last 
decoder's outputs are used as the turbo coder's Soft-decision 
outputs in step 178. 
Description of the Log-MAP Decoder 
The MAP decoder algorithm presented earlier requires a 

large number of multiplications. For Some implementations 
wherein a large number of multiplications may be 
impractical, e.g., integrated circuit implementations, a loga 
rithmic version of the MAP algorithm has been derived that 
eliminates all multiplication operations. The log-MAP algo 
rithm primarily uses additions, table look-ups, and Some 
Simple logic functions. In an integrated circuit implementa 
tion of a decoder for trellis codes, the replacement of 
multiplications with additions enables large Savings in gate 
count (die area) and Significant increases in decoding speed. 
The following is a Summary of the basic log-MAP algo 
rithm. 

Equations (7) through (10) become 

In Pr{S=m, Y}=ln C,(m)+ln f,(m), (29) 

Y, (n), (30) 

- (31) 
Ina, (n) = In X. exp(lna, 1 (m') +lny, (n', m)), 

m’=0 

and 

- (32) 

Inf. (m) = ln X exp(In?3. (m')+lny (m,m). 
m’=0 

Equations (31) and (32) are derived from equations (9) 
and (10), respectively, by applying the identity 

to the product terms. For example, equation (31) is derived 
as follows: 

- 

Ina, (n) = In X. a 1 (m')y, (n', m) 
n=0 

- 

In X. exp(lna, 1 (m')y, (n', m))) 
n=0 

- 

In X. exp(lna, 1 (m') + lny, (n', m)). 

The boundary conditions are now ln Co(0)=0 and ln 
Co(m)=-OO for all ma(). Similarly, ln B, (0)=0 and ln 
f(m)=-OO for all ma0. In a practical implementation, a large 
negative number is Substituted for -oo. 

The Sum of exponential terms can be computed by 
applying the following identity. 

Computational complexity can be significantly reduced 
by storing a table of values for the function ln(1 +exp(-la 
b) and applying equation (33). Experimentation has shown 
that 8 or 16 values of this function provides sufficient 
resolution to prevent performance degradation. 

Equation (12) becomes 
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Description of a Turbo Decoder for Segmented Turbo Code 
Words Utilizing Log-MAP Component Decoders 

In a manner similar to that described hereinabove in the 
Application of Segmented Trellis Code Words to Turbo 
Coding Section, the log-MAP algorithm decoder can be 
modified to decode the component code words of parallel 
concatenated codes comprising Segmented trelliS code 
words. For turbo decoding, equations (29) through (34) are 
augmented with the logarithmic versions of equations (22) 
through (28) summarized below. 

A (d) = ln(d) = ln X. O(m', m)-ln X. cr; (m', m) (35) 
(n'.n)eB, (n'.in). At 

where 

lno (n', n) = lna, 1 (m') +lny (n', m) + Inf3, (n), (36) 

(n-k) (37) 

ln PrS=mS =m'}=natural logarithm of initial condi 
tion state probability defined by equation (13) and the 
Source Statistics, 

Y=(y.(1), - - - y(k), y (1), - - - yf (n-k)), i. 

y, (i)=the channel output symbol corresponding to the i? 
Systematic bit of the encoder output Symbol at time t, 
and 

yf (i)=the channel output symbol corresponding to the i' 
parity bit of the encoder output Symbol at time t. 

Recall that the conditional State probabilities in equation 
(37) are calculated as a function of the a priori Source 
Statistics. Therefore, if the Source bits are equally likely, 

In this case, it is easily shown that this term may be dropped 
from equation (37) when calculating A (d) since it is an 
addend of both Summations in equation (35). Therefore, the 
equation for the extrinsic component of the gamma term 
becomes 

(n-k) (38) 

In turbo decoding, the Subsequent decoder obtains esti 
mates of the information bits a priori probabilities from the 
permuted a posteriori log-likelihood ratio values calculated 
by the previous decoder using the definition of the log 
likelihood ratio: 

(39) 

Using this definition and Pr{d=0}+Prod=1}=1, we 
obtain 

InPrid = 0} = -ln(1 + A (d.)) = -line" + e"; (40) 
and 



US 6,192,501 B1 
13 

-continued 

InPrid, = 1} = A; (d) - ln(1 + A (d) = 
A; (d) - lne' + e"\; dt = A; (d) + InPrid, = 0} 

(41) 

for the logarithm of a priori bit probabilities in component 
decoder number c(i+1), where i=the index of the preceding 
component decoder and c(i+1)=(i mod N)+1. As shown in 
FIG. 6, the extrinsic component of the a posteriori log 
likelihood ratioS of the preceding decoder are used as the a 
priori log-likelihood ratios in the decoder that follows. 

FIG. 8 is a block diagram of a decoder for segmented 
turbo code words comprising log-MAP-type component 
decoderS according to preferred embodiments of the present 
invention. The structure of FIG. 8 is similar to that of FIG. 
6 with the following components as shown: a composite 
code word to component code word converter 222, log 
MAP-type component decoders 224, interleavers 226, and 
deinterleavers 230. 

While the preferred embodiments of the present invention 
have been shown and described herein, it will be obvious 
that Such embodiments are provided by way of example 
only. Numerous variations, changes and Substitutions will 
occur to those of skill in the art without departing from the 
invention herein. Accordingly, it is intended that the inven 
tion be limited only by the Spirit and Scope of the appended 
claims. 
What is claimed is: 
1. A method for encoding digital data into trellis code 

words, each code word comprising a predetermined number 
of information bits I, generated by a Source, the method 
comprising the Steps of: 

(a) setting a predetermined maximum number of infor 
mation bits in a code word segment I; 

(b) for each I information bits, shifting groups of the 
information bits generated by the Source into an 
encoder, each group comprising I information bits if 
there is no remainder of I./I information bits, and if 
there is a remainder of I./I information bits, each 
group except the last group comprising I information Seg 

bits with the last group comprising the remainder; and 
(c) shifting a predetermined number of merge Symbols 

into the encoder after each group of information bits 
shifted into the encoder in order to return the encoder 
to a predetermined known State. 

2. The method of claim 1 wherein the encoder comprises 
a recursive Systematic convolutional encoder. 

3. The method of claim 1 wherein the encoder comprises 
a component encoder in a parallel concatenated convolu 
tional encoding process. 

4. A method for decoding a Segmented trellis code word 
having merged trellis Segments, the method comprising the 
Steps of: 

determining a trellis code word Segment length and the 
corresponding number of information bits therein; and 

decoding each respective Segment upon receipt of the last 
Symbol thereof by calculating maximum a posteriori 
probabilities associated with each trellis code word 
Segment. 

5. The method of claim 4 wherein the decoding step 
comprises Simultaneously calculating forward State prob 
abilities and backward state probabilities associated with 
each received trellis code word Segment for each trellis time 
indeX in the code word Segment and each trellis State index; 
a posteriori State transition probabilities for the received 
code word Segments being calculated beginning when the 
forward and backward State probability calculations coin 
cide in time; the corresponding likelihood ratios being 
calculated as a function of the State transition probabilities. 
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6. The method of claim 5 wherein the decoding step is 

performed in a component decoder in a turbo decoding 
proceSS. 

7. The method of claim 5 wherein two sets of a posteriori 
State transition probabilities and two sets of corresponding 
likelihood ratioS are calculated per each Set of forward State 
probabilities and backward state probabilities calculated 
beyond the point of coincidence. 

8. The method of claim 4 wherein the decoding step 
comprises calculating logarithmic maximum a posteriori 
probabilities associated with the trellis code word. 

9. The method of claim 8 wherein the decoding step is 
performed in a component decoder in a turbo decoding 
proceSS. 

10. The method of claim 9 wherein an extrinsic compo 
nent of the likelihood ratios comprises feedback between 
component decoders in the turbo decoding process. 

11. The method of claim 4, further comprising the step of 
providing Soft-decision output. 

12. The method of claim 4, further comprising the step of 
providing hard-decision output. 

13. An encoder for encoding digital data into trellis code 
words, each code word comprising a predetermined number 
of information bits I, generated by a Source, comprising: 

an indeX calculator for Setting a predetermined maximum 
number of information bits in a code word segment I; 

a shift register for shifting groups of the information bits 
generated by the Source into an encoder, each group 
comprising I, information bits if there is no remainder 
of I./I information bits, and if there is a remainder 
of I./I information bits, each group except the last 
group comprising I information bits with the last 
group comprising the remainder, the shift register shift 
ing a predetermined number of merge Symbols into the 
encoder after each group of information bits shifted 
into the encoder in order to return the encoder to a 
predetermined known State. 

14. The encoder of claim 13, comprising a recursive 
Systematic convolutional encoder. 

15. The encoder of claim 13, comprising a component 
encoder in a parallel concatenated convolutional encoder. 

16. A decoder for decoding a Segmented trelliS code word 
having merged trellis Segments comprising: 

an indeX counter for determining a trellis code word 
Segment length and the corresponding number of infor 
mation bits therein; and 

a Segment decoder for decoding each respective Segment 
upon receipt of the last Symbol thereof by calculating 
maximum a posteriori probabilities associated with 
each trellis code word Segment. 

17. The decoder of claim 16 wherein the segment decoder 
Simultaneously calculates forward State probabilities and 
backward State probabilities associated with each received 
trellis code word Segment for each trellis time indeX in the 
code word Segment and each trellis State index; a posteriori 
state transition probabilities for the received code word 
Segments being calculated beginning when the forward and 
backward State probability calculations coincide in time; the 
corresponding likelihood ratioS being calculated as a func 
tion of the state transition probabilities. 

18. The decoder of claim 17, comprising a component 
decoder in a turbo decoder. 

19. The decoder of claim 18, comprising a log-MAP 
decoder. 

20. The decoder of claim 19, further comprising a feed 
back control for feeding back an extrinsic component of the 
likelihood ratios between component decoders in the turbo 
decoder. 


